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Abstract 32 
Increasing the hemoglobin (Hb) concentration is a major mechanism adjusting arterial oxygen 33 
content to decreased oxygen partial pressure of inspired air at high altitude. Approximately 5% of 34 
the world’s population living at altitudes higher than 1500 m shows this adaptive mechanism. 35 
Notably, there is a wide variation in the extent of increase in Hb concentration among different 36 
populations. This short review summarizes available information on Hb concentrations of high-37 
altitude residents living at comparable altitudes (3500-4500 m) in different regions of the world. 38 
An increased Hb concentration is found in all high-altitude populations. The highest mean Hb 39 
concentration was found in adult male Andean residents and in Han-Chinese living at high 40 
altitude, whereas it was lowest in Ethiopians, Tibetans, and Sherpas. A lower plasma volume in 41 
Andean high-altitude natives may offer a partial explanation. Indeed, male Andean high-altitude 42 
natives have a lower plasma volume than Tibetans and Ethiopians. Moreover, Hb values were 43 
lower in adult, non-pregnant females than in males; differences between populations of different 44 
ancestry were less pronounced. Various genetic polymorphisms were detected in high altitude 45 
residents thought to favor life in a hypoxic environment, some of which correlate with the 46 
relatively low Hb concentration in the Tibetans and Ethiopians, whereas differences in 47 
angiotensin-converting enzyme allele-distribution may be related to elevated Hb in the Andeans. 48 
Taken together these results indicate different sensitivity of oxygen dependent control of 49 
erythropoiesis or plasma volume among populations of different geographical ancestry, offering 50 
explanations for differences in the Hb concentration at high altitude.  51 
 52 
Introduction 53 
At high altitude, tissue oxygen supply is compromised by reduced oxygen loading of hemoglobin 54 
(Hb) because of decreased inspiratory and alveolar oxygen partial pressure (PO2) and impaired 55 
alveolar diffusion. Because of the sigmoidal shape of the oxygen dissociation curve (ODC)  56 
arterial oxygen saturation (SaO2) and arterial blood oxygen content decrease in a non-linear 57 
fashion with increasing altitude. At altitudes up to approximately 3000 m the flat upper portion of 58 
the ODC prevents a decrease in SaO2 to values below 90%. However, above 3000 m the decrease 59 
in SO2 is more pronounced because of the steep middle portion of the ODC (70). Compensation 60 
by hyperventilation, increased oxygen affinity of Hb, and increased cardiac output is incomplete. 61 
In 1891, Viault (114) first reported that the erythrocyte count increased in lowlanders after 62 
ascending to Morococha (4540 m). The related increase in the Hb concentration effectively 63 
prevents a decrease in arterial oxygen content. Several mechanisms (summarized in figure 1) 64 
control the increase in Hb concentration in response to hypoxia: (1) Plasma volume decreases 65 
within a few days after lowlanders ascend to high altitude. Ultimately, this process increases 66 
hematocrit levels and Hb concentration. (2) Stimulation of erythropoiesis elevates total 67 
erythrocyte number and total Hb mass, which takes approximately 7-10 days (89, 101). 68 
Stimulated erythropoiesis and Hb synthesis also require sufficient supply of iron, which is 69 
obtained from storage compartments (e.g. liver or splenic macrophages) and nutritional intake to 70 
prevent hypochromic anemia (37).  71 
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It is notable that an increase in total Hb mass will only elevate the Hb concentration in the 72 
absence of a proportional increase in plasma volume which is the case at high altitude (90). Thus, 73 
an elevated Hb concentration may not necessarily be a sign of stimulated erythropoiesis. The 74 
advantage of the elevated Hb concentration at high altitude is an increased amount of oxygen 75 
contained in a given stroke volume of the heart that results in an increased amount of oxygen 76 
delivered to the periphery. An adverse effect is increased blood viscosity that increases the heart’s 77 
workload. By contrast, in athletes, training increases the plasma volume more than the total 78 
erythrocyte volume resulting in normal or even decreased hematocrit and Hb concentration (51) 79 
thereby avoiding increased blood viscosity, that in turn improves microcirculation and thus 80 
oxygen supply to working skeletal muscles without reducing perfusion of other organs (98).  81 
In sojourners, the magnitude of increase in Hb concentration and in total Hb-mass varies with 82 
altitude and the duration of their stay. It may take weeks to months to reach a new steady-state 83 
(35, 89, 101). The increased Hb concentration restores the pre-altitude values of arterial oxygen 84 
content within a few weeks of a sojourn at high altitude (21, 101). However, sea level maximal 85 
oxygen uptake is not restored because the arterial oxygen partial pressure - which determines the 86 
driving force for the diffusion of oxygen from blood capillaries to the cells - is not compensated 87 
by increasing the Hb concentration (21). 88 
Whereas several millions of people travel to high altitude and stay there for a relatively short 89 
period of time, a little more than 5 % of the world’s population lives permanently at altitudes 90 
higher than 1500 m (~ 5000 ft) on approximately 4 % of the world’s populated land area (27) 91 
(48). Life at these altitudes therefore results in unique patterns of adaptation to improve tissue 92 
oxygenation despite decreased inspiratory oxygen partial pressure. An elevation of the Hb 93 
concentration that correlates with the altitude of residence is part of this adaptive response (e.g. 94 
(118)). Adaptation is best documented by the superior exercise performance in the hypoxic 95 
environment or enhanced reproductive capacity of native highlanders in comparison with 96 
lowlanders who had ascended recently (19, 38). On the other hand, there also seems to be a 97 
higher prevalence of anemia in high altitude residents of the Peruvian Andes (44) and in 98 
Ethiopians (96), at least when its diagnosis is based on the standards defined by the World Health 99 
Organization (WHO) that defines the cut-off at 13 g/dl for adult males and 12 g/dl for adult 100 
females at sea-level; values are then adjusted for altitude (1, 79). However, those cut-off values 101 
might be too high (44, 96) and might not apply to different ethnicities (36). There is also mal-102 
adaptation in high altitude residents suffering from chronic mountain sickness, which is in part 103 
characterized by hypoxemia despite of an aggravated increase in the Hb concentration (65).  104 
In this short review we describe adjustments of the Hb concentration of native highlanders of 105 
different ancestry residing in different regions/countries of the world (“geographical ancestry”) 106 
and discuss possible mechanisms contributing to the different patterns of adaptation of their Hb-107 
concentration. Unfortunately, data on the Hb concentration of high-altitude residents are 108 
incomplete in terms of residential altitude, age, sex, pregnancy, and other factors that might affect 109 
blood oxygen content and erythropoiesis. Therefore we focus mainly on adult males and non-110 
pregnant females residing at altitudes between 3500 m and 4500 m. Results on the altitude-111 
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dependency of the Hb concentration, which also indicate the gaps, are summarized in a meta-112 
analysis by Gassmann et al. (36). 113 
 114 
Hb concentration in high altitude natives 115 
It is important to note that numerous studies report results on mixed populations without mention 116 
of their exact ethnic affiliation. Examples are the Ethiopian populations of the Amharas and the 117 
Oromo, or the Andean Aymaras and Quechuas.  118 
Hb in males at high altitude. Hb concentrations in blood vary little among age- and sex matched 119 
healthy individuals living near sea level in different countries of the world. The Hb concentration 120 
increases with altitude of residence (75). However, there is increasing evidence that the 121 
magnitude of elevated Hb concentrations differs among highlanders from different countries 122 
around the world thereby indicating possible effects of ancestry on the adaptation to high altitude 123 
(6, 36). Figure 2 (upper panel) summarizes averaged Hb concentrations of males living at 124 
altitudes between 3500 and 4500 m. These data were extracted from nearly 100 publications on 125 
high-altitude physiology (in its broadest sense) reporting on patterns of adaptation to high 126 
altitude. It compares Hb concentrations with values obtained from the corresponding groups 127 
residing at low altitude. The upper panel of figure 2 shows that Hb concentrations of adult males 128 
vary by up to 2 g/dl between the different high-altitude populations (black symbols). Publications 129 
on South American Quechuas reported Hb concentrations approximately 1.5 g/dl lower than in 130 
those where the ethnic origin of the Andean study-population had not been specified. It is not 131 
clear whether the higher Hb concentration in the latter group can be assigned to Aymaras, the 132 
other major indigenous Andean population. Indeed, a difference between Quechuas and Aymaras 133 
has been pointed out by Arnaud et al. (5), who found a Hb concentration of 18.2 g/dl in Aymaras 134 
but only 15.8 g/dl in Quechuas living at 3600 m. Interestingly, also the Hb concentration of 135 
Quechuas living at altitudes < 450 m was lower than that of Aymaras (13.2 vs. 14.8 g/dl, 136 
respectively) (5). The interpretation of these results is difficult because the groups analyzed 137 
consisted of a mix between men and women (5), although to comparable proportions (64% males 138 
and 36% females).  139 
Many studies focused on the Hb concentration of native Tibetan highlanders and compared these 140 
values to those of Han Chinese who had moved to the Tibetan plateau within the last decades and 141 
who resided there for at least several years. Figure 2 indicates that the average Hb concentration 142 
in Tibetan natives was approximately 1.7 g/dl lower than the values reported for high-altitude 143 
Han Chinese (33). It is of note that Han-Chinese born and raised in the Tibetan highlands showed 144 
improved adaptation compared to their first-generation (116). Similarly, the Hb concentration of 145 
Himalayan Sherpas and of Ethiopian highland natives was lower than that of Han-Chinese and 146 
non-Quechua South Americans living at comparable altitudes (figure 2).  147 
A gold standard would be to compare Hb values from high-altitude natives with the same ethnical 148 
group living at low altitude. Unfortunately, these comparisons are rare and study groups are 149 
small. Furthermore, some of the available data were obtained after subjects had moved from 150 
high-altitude to near sea-level and resided there for only very short time before analysis. Thus, it 151 
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is unclear whether measured Hb concentrations resemble a true steady state. Currently, there are 152 
no data on Ethiopians living near sea-level; the lowest altitude reported was 1097 m (97). Figure 153 
2 (upper panel; open symbols) indicates that those groups with lower Hb concentration at high 154 
altitude (Quechuas, Ethiopians and Tibetans) also appear to show lower Hb values near sea level 155 
compared to the non-Quechua South American and the Han Chinese male highlanders. Additional 156 
studies are needed to confirm these observations.  157 
From the data shown in figure 2 (upper panel), the magnitude of increase in the Hb concentration 158 
per altitude-increment can be estimated. However, this is based only on a low number of 159 
available data on respective low altitude residents. Best estimates come from Andean populations 160 
(non-specified ancestry and Quechuas), where the increase in Hb concentration with altitude 161 
amounts to approximately 3.6 g/dl per 4000 m (0.9 g/1000 m), which compares well with our 162 
recent meta-analysis showing an increase of ~1 g/1000 m as calculated by a linear regression 163 
model (36). The increase in the Hb concentration with altitude was considerably lower in Han 164 
Chinese and in Tibetans and amounted to approximately 2.5 g/dl per 4000 m (≈0.6 g/dl/1000 m), 165 
comparing well to the results from a meta-analysis (36). Calculation of increments for Ethiopians 166 
and Sherpas cannot be justified because of limited data-availability.   167 
Together these results indicate that Han-Chinese, similar to non-acclimatized lowlanders (56, 168 
114), but also certain South American Andean populations, who had settled in highland regions 169 
approximately 12,000 years ago (39), show a higher Hb concentration than populations that likely 170 
had entered high-altitude regions of the Tibet 30,000 to 40,000 years ago (126) and up to 70,000 171 
years in Ethiopia (see (102)). Of note, these differences in the Hb concentration between 172 
populations of different ancestry appear to persist when these highlanders move to low altitude. 173 
Results also indicate that the increment in Hb concentration with altitude varies among 174 
populations of different ancestry, which might point to genetic differences in the sensitivity of 175 
oxygen dependent systems controlling Hb concentration such as erythropoiesis and plasma 176 
volume regulation. 177 
Hb in females at high altitude. Data on adult females and pregnant females are scarce. 178 
Frequently, sea-level reference groups are missing, pointing out the need for further studies. 179 
Figure 2 (lower panel) summarizes mean Hb concentrations from adult, non-pregnant women of 180 
different geographical ancestry living near sea level or at altitudes between 3500 and 4500 m. 181 
Similar to men, the highest mean Hb concentrations are found in South Americans (no ancestry 182 
specified), and they appear higher than those of Tibetans and Sherpas. However, in contrast to 183 
men there are no striking differences between populations of different ancestry. It is interesting 184 
that Hb values from the different studies on South American and on Tibetan women show a wider 185 
distribution than the others. It is not known, whether this is associated with the iron status. 186 
Although there are only few sea-level data (most complete data are on South American and Han-187 
Chinese women) figure 2 shows a pronounced increase in Hb concentration with altitude. Please 188 
note that because of lack of data we chose Kenyans as control group for Ethiopians. In addition, 189 
some data on sea-level South Americans are from national surveys from Peru. From the data 190 
available an increase in the Hb concentration of approximately 2.5 g/dl per ~3500 m can be 191 
estimated for South American women and ~ 2 g/dl per 3500 m in Han Chinese. These results 192 
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agree well with results from a meta-analysis (36). Comparison of Hb-values of males and females 193 
in figure 2 also shows the well-known sex difference in the Hb concentrations of approximately 2 194 
g/dl higher values in adult males than in the non-pregnant females at sea level (see (79)), and 195 
indicates that this difference persists in high-altitude residents (36). 196 
Hb in children at high altitude. At low altitude the Hb concentration of children changes 197 
significantly with age: the Hb value at birth (up to 20 g/dl) is even higher than in adults (most 198 
likely representing a compensation for decreased oxygen partial pressure in the umbilical vein 199 
and in the inferior vena cava), followed by a decrease within the first few months of life. Then the 200 
Hb concentration increases similarly in girls and boys beginning at approximately 11 g/dl and 201 
reaching typical adult values at an age of approximately 15 years in women while in males, Hb 202 
values continue to increase up to an age of approximately 20 years (e.g. (32, 55)). This continued 203 
increase explains the higher Hb concentration of adult men compared to women (e.g. (32, 55)). 204 
The Hb concentration of newborns at altitudes >3000 m varies between approximately 15 -17 205 
g/dl in the USA (81), in Quechuas (34) and in Tibetans (81) but was approximately 19 g/dl in 206 
Han-Chinese (81) and Andeans of non-specified ethnicity (38), which is close to the range of 207 
newborns at low altitude. Garruto et al. (33) compared Hb concentrations of Tibetan and Han 208 
Chinese children, juveniles, and young adults living at different altitudes (3200 – 4300 m) in the 209 
Tibet. The authors showed that the age-related increase in Hb values was similar in children 210 
living at different altitude ranges and that, similar to sea level but independent of altitude, adult 211 
Hb values were reached at approximately the same age at either altitude. In all age-groups, the 212 
Hb concentration was higher at the higher altitudes. In some age groups there were lower Hb 213 
values in male Han Chinese than in Tibetan; there was almost no difference in females. However, 214 
numbers of individuals in each group were small (33). Wu et al. (120) compared Hb 215 
concentrations of 5 to 15 year old boys and girls (note that the Hb concentration changes 216 
significantly within this age range (32)) of Han-Chinese and of Tibetan ancestry living at 217 
different altitudes and found no difference between both sexes, which is consistent with above 218 
mentioned literature at low altitude (32). They also showed that the Hb concentrations increase 219 
with altitude of residence in both ethnic groups but that the increment was less pronounced in 220 
Tibetan than in Han-Chinese children. The review by Weitz et al. (116) showed an increase in Hb 221 
with the age of the children. Furthermore, they found comparable Hb values in Han Chinese and 222 
Tibetan children living between 3600 m and 4000 m (116). A dataset on more than 2 million 223 
Peruvian children of different ages (5 to 59.9 months) living at altitudes from sea level to >4000 224 
m has been analyzed by Orcas-Cordova et al. (82). They showed a mild increase in Hb 225 
concentration from 11.0 g/dl (5 to 11.9 months) to 11.8 g/dl (36 to 59.9 months), which occurred 226 
independently of the children’s residential altitude. Hb concentration of all ages combined 227 
increased with altitude from 11.3 at sea level to 13.9 g/dl at >4000 m; this increment with altitude 228 
was similar in all age-subgroups (82). Taken together, these results indicate that the increment in 229 
Hb concentration with age persists at high altitude and that the magnitude of increase in the 230 
children seems comparable to that of adults.  231 
Smokers and smoke-exposed individuals are an interesting subgroup. Carbon monoxide (CO) 232 
binds to Hb and reduces oxygen binding because of the higher affinity of CO to Hb (for review 233 
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see (70)). In fact, a compensatory elevation in the Hb concentration had been noticed at sea level 234 
(85). At high altitude CO-Hb-binding theoretically will increase the degree of hypoxia that might 235 
also aggravate the increase in Hb concentration. Guleria et al. (50) studied Ladakhi natives living 236 
at an altitude of 3658 m; only six out of 25 were non-smokers (number of cigarettes per day not 237 
recorded). Unexpectedly their data revealed no difference in the Hb concentration between both 238 
groups. In contrast, Brewer et al. (18) reported that a small proportion of male and female 239 
residents of Leadville, CO (~ 3100 m), was polycythemic and noticed that almost all of them 240 
were smokers. Whereas the Hb concentration of non-smokers living at Leadville was 15.98 ± 241 
1.67 g/dl, those of heavy smokers was elevated by approximately 1.7 g/dl (17). Elevated Hb 242 
values were also found in Bolivian high-altitude natives, who smoked relative to their non-243 
smoking counterparts (100). Similarly, elevated CO-Hb caused by indoor air pollution from open 244 
fire was also associated with elevated Hb concentration in iron-deficient Mayan women living in 245 
rural highland communities of Guatemala (2200 to 2900 m) but, however, not in those with 246 
normal ferritin levels (80). In summary, these results point to an elevated Hb concentration in 247 
compensation for increased CO-Hb levels independent of the altitude of residence, but systematic 248 
analyses are not available. 249 
Limitations of Hb-data. A major limitation of most studies is the low number of subjects 250 
analyzed. Much larger numbers and a much wider variety of ancestries needs to be studied to 251 
obtain a more complete picture providing a stronger basis for studies on the mechanisms causing 252 
elevated Hb concentrations at high altitude and for the definition of cut-off values used to 253 
determine anemia and polycythemia. A significant number of studies combined results obtained 254 
on men and women despite common knowledge of sex differences in the Hb concentration in 255 
adults. Similarly, the age of study subjects was frequently chosen carelessly by including study 256 
subjects whose Hb concentration had not yet reached the stable values of adulthood. Differences 257 
in the Hb concentration at sea level between populations of different ancestry are not well 258 
described. The best-documented difference is the lower Hb concentration (- 1 g/dl) in people of 259 
African ancestry in comparison to Caucasians living in the Unites States of America, which 260 
seems to be independent of sex and age (30, 32). It is not known, however, which pattern of 261 
change in Hb concentration this group follows when exposed to high altitude. 262 
 263 
Mechanisms causing elevated Hb concentration in high altitude residents 264 
Figure 1 shows that several mechanisms control the adjustments in the oxygen carrying capacity 265 
to high altitude. Those mechanisms are effective in both, lowlanders ascending to high altitude as 266 
well as in high-altitude residents. 267 
Iron is a major requirement for heme synthesis in erythroid precursors during their maturation, 268 
and iron demand is further increased when erythropoiesis is enhanced at high altitude (54). 269 
Reduced iron availability often causes iron-deficiency anemia characterized by low Hb 270 
concentration and hypochromic anemia. Major causes of iron-deficiency anemia are insufficient 271 
nutritional intake and reabsorption, impaired release from iron stores, and chronic blood loss, 272 
situations that need to be considered when attempting to diagnose anemia based on the Hb 273 
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concentration (see (22) for review). Literature on iron demand and on iron status of high-altitude 274 
residents will not be discussed further in this short review. 275 
Plasma volume. Plasma volume decreases rapidly after lowlanders ascend to high altitude (101). 276 
It remains low even during a one-year’s stay (90). Plasma volume is also decreased in high 277 
altitude residents (95), and increases when those descend to sea level (90). As a consequence, the 278 
Hb concentration is increased in high-altitude residents (90), which adds to the elevation in Hb by 279 
enhanced erythropoiesis (see above). Early studies have been performed on Andean high-altitude 280 
natives without further discrimination between Aymara and Quechua. Plasma and blood volumes 281 
of Kenyan elite runners, who lived and trained at approximately 2000 m above sea-level, were 282 
comparable to volumes measured in German athletes near sea-level (88). However, 283 
measurements had been performed after the Kenyans had traveled to Germany, which may have 284 
been sufficient to increase plasma volume. Claydon et al. (26) reported a larger plasma volume in 285 
Ethiopians residing at an altitude of 3622 m than in Peruvian high-altitude natives (4338 m) 286 
which seems to account for the lower hematocrit in the Ethiopians. It is unclear, whether the 287 
difference in the residential altitude accounts for this difference. In a recent article, Stembridge et 288 
al. (106) confirm the higher Hb values in Andean highlanders (4340 m) than in Sherpas (5050 m) 289 
despite the pronounced difference in residential altitude. However, the two populations did not 290 
differ in total blood volume, which was higher than the blood volume of lowlanders, who spent 5 291 
to 10 days at 5050 m in the Himalayans. The difference is due to a greatly elevated plasma 292 
volume in Sherpas. This result points out the significant role of plasma volume in defining the Hb 293 
concentration in high-altitude natives.  294 
The mechanisms causing the decrease in plasma volume during hypoxia and the difference 295 
among high altitude populations are not well understood. It has been indicated that a decrease in 296 
plasma volume is related to elevated erythropoietin levels because it occurred also in normoxic 297 
individuals treated with erythropoietin (68). A decreased activity of the renin-angiotensin-298 
aldosterone system resulting in decreased aldosterone formation (Figure 1) in response to 299 
hypoxia also contributes to the decrease in plasma volume upon ascent to high altitude. 300 
Decreased aldosterone levels reduce renal sodium-reabsorption and subsequently increase water 301 
excretion. Elevated catecholamine levels, which block the release of aldosterone from the adrenal 302 
glands, might enhance this effect (73). Indeed, high altitude Andean natives have decreased 303 
aldosterone-to-renin ratios (4).  304 
The angiotensin-converting enzyme (ACE) controls aldosterone synthesis and release and, thus, 305 
Na-balance and extracellular fluid volume. It also affects arterial blood oxygenation in many 306 
ways (119). A meta-analysis of literature on a total of 582 high altitude residents and 487 307 
lowlanders revealed no difference in the frequency of I and D alleles among Andean populations 308 
(115). No difference in allele frequencies was found between Andean Quechuas and a lowland 309 
native American population from the Canadian West Coast; however, the frequency of the I/I 310 
genotype was much higher in these populations than in Caucasians (92). There is literature 311 
showing a correlation between elevated Hb concentration of the Andean population with 312 
increased frequency of the I/I and I/D genotypes of ACE (57, 92, 93). In Chileans, the I/I-313 
genotype was associated with decreased ACE-activity (57), putatively explaining decreased 314 
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aldosterone plasma levels. Interestingly, the elevated frequency of the I-allele of ACE was related 315 
to increased oxygen saturation in Peruvian Quechua (15). Moreover, elevated levels of atrial 316 
natriuretic peptide (ANP) produced in the heart enhance renal Na and water excretion, a 317 
mechanism that most probably further contributes to plasma volume loss at high altitude. 318 
Hypoxia, via HIF-dependent mechanisms, seems to enhance ANP transcription (25). However, 319 
results on ANP concentration in plasma of high-altitude residents are divergent. 320 
These results indicate that variations in the control of fluid balance among groups of different 321 
ancestry might cause variations in the decrease in plasma volume in high altitude residents. In 322 
turn, these different control mechanisms might account for the differences in the Hb 323 
concentration among high altitude residents of different ethnicity. Once again, this aspect has not 324 
been studied extensively and systematic studies on differences between ethnic groups are lacking. 325 
Genetic variations in the oxygen-sensing system. A variety of polymorphisms has been associated 326 
with high altitude acclimatization, some of which correlate with the Hb concentration in blood. A 327 
polymorphism resulting in gain of function of EGLN1, the gene encoding for the oxygen sensor 328 
prolyl hydroxylase-2 (PHD-2), in combination with a polymorphism in the EPAS1 gene encoding 329 
for the hypoxia-inducible factor HIF-2α has been found in Tibetan highlanders who show low Hb 330 
concentration (9, 105, 110). These polymorphisms in genes coding for key proteins involved in 331 
oxygen sensing mechanisms were not detected in Andean highlanders (16, 37). Accordingly, it 332 
has been postulated that these polymorphisms cause the decrease in the PHD-2/HIF-333 
2/erythropoietin axis thereby possibly explaining the blunted response of erythropoiesis to 334 
hypoxia in Tibetans. It might, however, also lead to the decreased Hb values of Tibetans living at 335 
low altitude (84). In Ethiopians living at different altitudes several candidate genes have been 336 
implicated to play a role in high altitude adaptation, some of which might play a role in 337 
controlling the HIF-pathway (97).   338 
Androgens. Androgenic steroids, which are strong stimulators of erythropoiesis (99), were shown 339 
to be elevated in South American highlanders with abnormally elevated Hb values who also 340 
suffered from chronic mountain sickness (42). A genetic basis has not yet been demonstrated. 341 
However, studies on children and adults indicate that the elevated Hb in healthy Peruvians was 342 
related to altitude but not to androgen levels (40, 41). 343 
 344 
Summary and perspectives 345 
Literature summarized above shows clearly that the mean Hb concentration increases with the 346 
altitude of residence and that the magnitude of this increase varies among populations of different 347 
ancestry. This is an important finding because a decreased Hb concentration is the first line of 348 
evidence to diagnose anemia. Based on the differences in the Hb concentration at a specific 349 
altitude of residence a single cut-off-value defining a state of anemia intended for world-wide 350 
application as suggested by the WHO many decades ago (see e.g. (1, 79)) appears inappropriate 351 
(36, 44, 46, 82, 96). Although there is some evidence that the magnitude of the change of Hb 352 
values with altitude is comparable in males and females of different ages, and in pregnancy, 353 
additional studies are required to strengthen this argument. It is not well understood how other 354 
Downloaded from journals.physiology.org/journal/jappl at Hauptbibliothek Univ Zurich (178.196.213.008) on November 25, 2020.
Mairbäurl et al.: Hb at high altitude 2020-07-31 - 10 - R1 
 
situations interfering with tissue oxygenation such as exposure to carbon monoxide (smoking, 355 
open fire cooking/heating), the nutritional status (supply with vitamins and iron), and heavy metal 356 
poisoning (e.g. in mining and chemical industry) affect Hb values at high altitude. Therefore, 357 
studies with critical selection of phenotypes with demonstrable effects on reproductive success, 358 
the calculation of actual fitness costs, and greater inclusion of women among the subjects are 359 
warranted (75) not only to detect anemia but to provide a basis for nutritional and health 360 
measures that might improve the hematologic status of anemic high altitude residents (107). 361 
The mechanisms contributing to increased Hb concentrations and differences among populations 362 
of different ancestry are incompletely understood because only a few ethnicities have been 363 
studied in terms of the relation between Hb concentration, total Hb mass, and plasma volume. 364 
Although variations in certain candidate genes indicate differences in the activity of the HIF 365 
pathway between populations of different ancestry, it is not clear whether this pathway controls 366 
erythropoiesis, plasma volume, or both, to explain the differences in Hb concentrations between 367 
high altitude populations of different ancestry. However, although ancestry-dependent differences 368 
in the systems controlling the Hb concentration improve our understanding of physiological 369 
mechanisms of adaptation to hypoxia, their clinical applicability may be of limited value because 370 
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Figure Legends 709 
Figure 1. Mechanisms increasing the hemoglobin concentration at high altitude. Hypoxia 710 
initiates a variety of mechanisms that ultimately all cause an increase in the Hb concentration 711 
and thus elevate the oxygen content of arterial blood. Hypoxia stimulates the release of the atrial 712 
natriuretic peptide (ANP) from the heart (25) and decreases formation and release of aldosterone 713 
via the renin-angiotensin axis (4). Both together impair Na-retention, decrease plasma volume, 714 
and thus increase hematocrit and Hb concentration (101). This mechanism might be enhanced by 715 
an increased frequency of the I/I-allele of angiotensin converting enzyme (ACE) as found in 716 
Andean highlanders (57). Oxygen sensing by prolyl hydroxylases (PHDs) rapidly stabilizes 717 
hypoxia inducible factors and in turn raises mRNA levels of erythropoietin within hours upon 718 
exposure to hypoxia. However, it takes weeks to months of exposure to high altitude to reach a 719 
significant increase in the total number of erythrocytes in blood. A genetic polymorphism 720 
increases PHD-2 activity, which, together with a polymorphism of the EGLN1-gene encoding for 721 
HIF-2α, seems to blunt the erythropoietic response in Tibetans (103). Effective stimulation of 722 
erythropoiesis also requires adequate nutritional iron intake, sufficiently filled iron stores, and 723 
tight control of intestinal reabsorption and release from stores (37). 724 
 725 
Figure 2. Comparison of Hb concentration of Andean, Ethiopian, Han Chinese, Tibetan, and Sherpa 726 
indigenous adult male and female low- and highlanders (age 18 – 59 years) residing at altitudes 727 
between 3500 and 4500 m.  (HA, high altitude; black symbols) and respective low altitude controls (LA; 728 
grey symbols). Triangles/error bars show the mean values ± SD of the respective set of data. Mean Hb 729 
concentrations is reported in the following references. Males, low altitude (LA): South America (ancestry 730 
not specified; 77 ± 80 m; (28, 42, 43, 47, 56, 91)); Quechua (37 days after descent to sea level; (60)); 731 
Ethiopia (1097 m; (97)); Han-Chinese (187 ± 159 m; (49, 84, 122, 124, 125, 127)); Tibet (at least 4 years 732 
at sea level; (84)); Sherpas (3 years at 1450 m; n=3 (no SD provided); (94)). Males, High altitude (HA): 733 
South America (ancestry not specified; 4065 ± 288 m: (7, 8, 12, 28, 42, 45, 47, 56, 62-64, 72, 87, 111, 734 
113)); Quechua (4030 ± 263 m: (94) (34, 109, 117)); Ethiopia (3804 ± 203 m: (3, 10, 24, 69)); Han 735 
Chinese (3950 ± 328 m: (20, 23, 33, 49, 53, 59, 104, 108, 120, 124, 125, 127)), Tibetan (4028 ± 313 m: (2, 736 
8, 20, 29, 31, 33, 49, 52, 53, 77, 104, 105, 108, 120, 121, 123-125)); Sherpa (3813 ± 131 m: (2, 58, 94, 737 
117)). Females, low altitude (LA): South America (60 ± 25 m; ancestry not specified: (91) (Mexico), (71, 738 
83) (Peru)); Kenya (200 m; (67)); Han-Chinese (187 ± 159 m; (122, 124, 125)); Females, high altitude 739 
(HA): South America (3667 ± 1049 m; ancestry not specified: (7, 8, 13, 16, 45, 61, 64, 66, 76, 86, 112, 740 
113)); Ethiopia (3770 ± 203 m; (3, 11, 24, 69)); Han-Chinese (3718 ± 109 m; (20, 33, 78, 120, 124, 125)); 741 
Tibet (3988 ± 330; (8, 20, 31, 33, 52, 74, 77, 78, 105, 120, 123-125)); Sherpas (3600 ± 529; (2, 14, 58)). 742 
 743 
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